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Biology of t h e  Budworm Mode 1 
Dixon D .  Jones  
T h i s  pape r  d e s c r i b e s  t h e  n a t u r a l  h i s t o r y  o f  a  s i m u l a t i o n  
model. The model was c o n s t r u c t e d  t o  i l l u m i n a t e  t h e  de t e rmi -  
n a n t s  o f  t h e  dynamic behav io r  f o r  a  p e s t / f o r e s t  sys tem wi th  
p a r t i c u l a r  r e f e r e n c e  t o  t h e  New Brunswick Budworm expe r i ence .  
It cannot  reproduce  t h e  r e a l  sys tem i n  a l l  i t s  r i c h n e s s .  
Ra the r ,  i t  i s  meant t o  be a n  a n a l o g  o f  t h e  impor t an t  l i n k s  
between t h e  budworm and i t s  p r i n c i p a l  h o s t ,  ba lsam f i r .  
P a r e n t a l  founda t ions  o f  t h e  p r e s e n t  work a r e  c r e d i t e d  t o  
a  mode l l i ng  workshop conducted by members of  t h e  I n s t i t u t e  
o f  Resource Ecology,  Vancouver, and t h e  Canadian F o r e s t  
S e r v i c e .  The o r i g i n a l  model i s  d e s c r i b e d  i n  a  manuscr ip t  by 
S t a n d e r  [4]  . The b a s i c  s u p e r s t r u c t u r e  of  t h e  p r e s e n t  model 
remains  much t h e  same a s  t h e  o r i g i n a l .  The f lowchar t  i n  
F i g u r e  1 shows t h e  b a s i c  f e a t u r e s .  
The o r i g i n a l  model has  been reworked t o  e l i m i n a t e  some 
minor e r r o r s  and  i n c o r p o r a t e  r e c e n t  i n t e r p r e t a t i o n s  of  d a t a .  
The p r i n c i p a l  aim of  t h i s  r e v i s i o n  i s  t o  e l u c i d a t e  t h e  i n t e r -  
p l a y  between t h e  primary s t a t e  variables--budworm and f i r .  
Within-year  feedbacks  between f o l i a g e  and f e e d i n g  l a r v a e  
a r e  emphasized.  
The enormi ty  o f  t h e  budworm sys t em r e q u i r e d  a  long-term 
h e r o i c  e f f o r t  j u s t  t o  obse rve  and unde r s t and  t h e  n a t u r a l  cou r se  
of e v e n t s .  Much - f  t h i s  e x p e r i e n c e  i s  c o n t a i n e d  i n  a  mono- 
graph  by R.F. Morr is  [ 3 ] - - h e r e a f t e r  r e f e r r e d  t o  a s  " t h e  
monograph" o r  MG. A consequence o f  b e i n g  l i m i t e d  t o  observa-  
t i o n s  o f  a  r e l a t i v e l y  unpe r tu rbed  sys tem i s  t h a t  we a r e  r e -  
s t r i c t e d  t o  a  l i m i t e d  s u b s e t  of  phase s p a c e .  We can expec t  
t h a t  p e r t u r b a t i o n s  t o  t h e  r e a l  sys tem a s  w e l l  a s  t o  o u r  model 
w i l l  move t h e  s t a t e  v a r i a b l e s  i n t o  combina t ions  t h a t  have n o t  
y e t  been expe r i enced .  Such d i s t o r t i o n s  o f  t h e  sys tem i n t o  
"uncomfor tab le"  c o n f i g u r a t i o n s  y i e l d  i m p o r t a n t  and neces sa ry  
i n f o r m a t i o n  abou t  t h e  n a t u r e  o f  t h e  i n t e r n a l  machinery.  It 
i s  no t  a lways  p r a c t i c a l ,  r e a s o n a b l e  o r  p ruden t  t o  c a r r y  o u t  a  
f u l l  s c a l e  p e r t u r b a t i o n  exper iment  on t h e  r e a l  wor ld .  The 
s p r a y i n g  s t u d i e s  f a l l  i n t o  t h i s  c l a s s  o f  exper iment  b u t  i t  
was i m p o s s i b l e  t o  c o n t r o l  a l l  t h e  v a r i a b l e s  t h a t  we would 
have l i k e d .  
S i n c e  t h e  primary v a r i a b l e s  (budworm and f i r )  were ob- 
s e r v e d  a s  t h e y  rode t o g e t h e r  t h rough  t h e i r  n a t u r a l  p rog re s -  
s i o n s ,  t h e  comple te  n a t u r e  o f  t h e  r e l a t i o n s h i p s  t h a t  l i n k  
t h e s e  v a r i a b l e s  cannot  always be e x t r a c t e d .  We want t o  use  
ou r  model t o  s u g g e s t  o r  t e s t  p e s t  manageaent p o l i c i e s - - o r  a t  
l e a s t  o u r  i d e a s  abou t  such  p o l i c i e s .  I f  t h e  p o l i c i e s  a f f e c t  
t h e  s t a t e  v a r i a b l e s  i n  " u n n a t u r a l "  ways (which ,  a lmos t  by 
d e f i n i t i o n ,  t hey  w i l l )  t h e n  we must e x p l i c i t l y  i n c l u d e  a l l  o f  
t h e  i m p o r t a n t  l i n k s  between t h e  v a r i a b l e s .  
The r e l a t i o n s h i p s  used i n  t h e  o r i g i n a l  model were n o t  
n e c e s s a r i l y  "wrong." T h e o r e t i c a l l y  t h e y  shou ld  r ep roduce  t h e  
n a t u r a l  sequence  o f  t h e  e v e n t s  a s  w e l l  a s  t h e  model p roposed  
h e r e .  We have e x p r e s s e d  t h e  i n t e r a c t i o n s  a s  e x p l i c i t  c a u s a l  
l i n k s  r a t h e r  t h a n  a s  i m p l i c i t  f i n a l  e f f e c t s .  T h i s  more ex- 
p l i c i t  model s h o u l d  be  a p p l i c a b l e  t o  a  w i d e r  r ange  o f  e v e n t s ,  
p e r t u r b a t i o n s  and m a n i p u l a t i o n s  o f  t h e  sy s t em t h a n  t h e  o r i g i -  
n a l  v e r s i o n  would a l l o w .  I m p l i c i t  r e l a t i o n s  a r e  a l l  r i g h t  a s  
l o n g  a s  we s t a y  w i t h i n  t h e  r ange  o f  e x p e r i e n c e  t h a t  l e a d  t o  
t h e  f o r m u l a t i o n  o f  t h e s e  r e l a t i o n s h i p s ,  b u t  we wish  t o  go  
beyond t h i s  r ange  w i t h  t h e  model.  
A s i m p l e  example w i l l  h o p e f u l l y  i l l u s t r a t e  t h e  g o a l  and 
a d v a n t a g e s  o f  t h i s  e x p l i c i t  f o r m u l a t i o n .  Suppose t h e  fo l l ow-  
i n g  e q u a t i o n s  a r e  an e x a c t  r e p r e s e n t a t i o n  o f  some r e a l  wor ld  
sy s t em.  
F u r t h e r ,  suppose  t h a t  an  e x t e n s i v e  f i e l d  i n v e s t i g a t i o n  i n d i c a -  
t e d  t h a t  t h i s  sys tem cou ld  be r e p r e s e n t e d  by t h e  f o l l o w i n g  
"model" 
Now, unde r  "normal" c o n d i t i o n s  t h i s  model w i l l  e x a c t l y  simu- 
l a t e  t h e  r e a l  sys tem.  ( T h i s  i s  s o  because  e q u a t i o n s  ( 1 )  and  
( 2 )  a r e  ma thema t i ca l ly  e q u i v a l e n t .  ) However, i f  we p e r t u r b  
T  on o u r  model,  ( 2 ) ,  i t  w i l l  have no e f f e c t  on B because  we 
have f a i l e d  t o  e x p l i c i t l y  i n c o r p o r a t e  t h e  c a u s a l  r e l a t i o n s h i p  
between T  and B. 
The advantages  o f  e x p l i c i t n e s s  a r e ,  of c o u r s e ,  coun te r -  
b a l a n c e d  by o u r  l a c k  of  s u p p o r t i n g  d a t a .  I n  many c a s e s ,  
however, we can draw on e c o l o g i c a l  e x p e r i e n c e  t o  s u g g e s t  t h e  
f u n c t i o n a l  form of  t h e  components of  i n t e r a c t i o n .  Given t h e  
form of  a r e l a t i o n s h i p ,  t h e  a p p r o p r i a t e  pa rame te r s  can  u s u a l l y  
be  e s t i m a t e d  wi th  a c c e p t a b l e  accu racy .  
The n e x t  s e c t i o n  summarizes t h e  g e n e r a l  form of  t h e  model. 
A s  mentioned above t h e  s u p e r s t r u c t u r a l  i s  very l i k e  t h e  o r i g i -  
n a l  d e s c r i b e d  by S t a n d e r  [ 4 ] .  The c o n t r o l  model remains 
a s  t h e  o r i g i n a l  and i s  no t  d e s c r i b e d  a g a i n  h e r e .  The budworm, 
f o r e s t  r e sponse  and d i s p e r s a l  models r e c e i v e d  t h e  most r e f i n e -  
ment.  The f o r e s t  r e sponse  and budworm models a r e  computed i n  
p a r a l l e l  r a t h e r  t h a n  i n  sequence b u t  we d e s c r i b e  t h e  f o r e s t  
r e sponse  model f i r s t  t o  i n t r o d u c e  some d e f i n i t i o n s  t h a t  a r e  
needed i n  o t h e r  models.  
The model h a s  no t  been  programmed a t  t h i s  t ime  s o  t h e  
obvious  s e c t i o n  on i t s  performance i s  miss ing - - to  be added. 
when a v a i l a b l e .  
O v e r a l l  Model S t r u c t u r e  
A b a s i c  f l ow  diagram of t h e  model i s  shown i n  F igu re  1. 
S p a t i a l  h e t e r o g e n e i t y  i s  accomodated w i t h  a sys tem o f  6 x 9 
mi le  g r i d s .  These g r i d s  co r r e spond  t o  map su rvey  a r e a s  and 
p r o v i d e  a common base  f o r  comparison w i t h  t h e  r e a l  wor ld .  
I n  t h e  o r i g i n a l  model 265 g r i d s  o u t  o f  a t o t a l  456 i n  New 
Brunswick were used.  We a r e ,  of  c o u r s e ,  no t  r e s t r i c t e d  t o  
t h i s  number. 
Wi th in  each  g r id - -o r  " s i t e M - - c o n d i t i o n s  a r e  assumed 
homogeneous. T r e e s  o f  d i f f e r e n t  age and s p e c i e s  a r e  assumed 
un i fo rmi ly  d i s t r i b u t e d .  Even though i t  i s  known t h e  budworm 
i s  d i f f e r e n t i a l l y  a s s o c i a t e d  w i t h  d i f f e r e n t  t y p e s  o f  h o s t  
t r e e s  we w i l l  assume t h a t  t hey  a r e  d i s t r i b u t e d  a c c o r d i n g  t o  
t h e i r  ave rage .  
The sequence o f  o p e r a t i o n s  w i t h i n  t h e  budworm, f o l i a g e  
r e sponse  and d i s p e r s a l  models i s  p r e s e n t e d  s c h e m a t i c a l l y  i n  
F i g u r e  2 .  I'he s t a r t  o f  a  y e a r ' s  i t e r a t i o n  b e g i n s  w i t h  t h e  
budworm i n  t h e  egg  s t a g e .  The t r e e s  a t  t h i s  p o i n t  a r e  i n  t h e  
s t a t e  o f  d e f o l i a t i o n  caused  by t h e  p r e v i o u s  g e n e r a t i o n .  The 
y e a r l y  t r e e  m o r t a l i t y ,  a l t hough  n o t  y e t  f u l l y  r e a l i z e d  i n  
n a t u r e ,  i s  a n t i c i p a t e d  and t h o s e  t r e e s  removed from each  s i t e .  
The i n d i v i d u a l  e l emen t s  and o p e r a t i o n s  o f  F i g u r e  2  a r e  d e s c r i b e d  
i n  t h e  f o l l o w i n g  s e c t i o n s .  
F o l i a g e  Response Model 
We c o n s i d e r  two components o f  f o l i a g e :  f i r s t ,  f o l i a g e  
a r e a  as a p i e c e  o f  r e a l  e s t a t e  upon which t h e  budworm l i v e ,  
measured i n  u n i t s  o f  1 0  s q u a r e  f e e t ;  second,  f o l i a g e  a s  a 
q u a n t i t y  of  n e e d l e s  (and  s t a m i n a t e  f l o w e r s )  t h a t  i s  a s o u r c e  
o f  food  and o v i p o s i t i o n  s i t e s .  T h i s  component cou ld  b e  ex- 
p r e s s e d  i n  u n i t s  o f  mass, b u t  f o r  o u r  pu rposes  we d e f i n e  a 
a  r e l a t i v e  measure--the f o l i a g e  u n i t  ( f . ~ . ) .  A f o l i a g e  u n i t  
i s  t h a t  amount o f  new-growth n e e d l e s  on t e n  squa re  f e e t  o f  
branch  i n  t h e  absence  o f  budworm exposu re .  
F o l i a g e  a r e a  (FA) i s  assumed a  f u n c t i o n  o f  a  s t a n d ' s  
mean age of  t r e e s  on a  s i t e  and t h e i r  d e f o l i a t i o n  h i s t o r y .  
The normal (w i thou t  d e f o l i a t i o n )  r e l a t i o n  between mean age 
(A) and f o l i a g e  a r e a  was o r i g i n a l l y  g i v e n  a s  ( S t a n d e r ,  
F i g u r e  9 )  
FA = FMAX * A KF + A 
T h i s  a r e a  i s  reduced  below i t s  p o t e n t i a l  due t o  accumulated 
d e f o l i a t i o n .  We assume t h i s  t o  be a  l i n e a r  f u n c t i o n  o f  a  
d e f o l i a t i o n  i n d e x ,  I D ,  ( d e f i n e d  be low) .  Thus, 
FMAX A I D  
FA = KF + A ( 1 - -  IDMAX) 
Hence fo r th ,  we s h a l l  c a l l  t h e  second component--fol iage 
a s  a  q u a n t i t y  o f  needles - -s imply  " f o l i a g e . "  T h i s  i s  f u r t h e r  
d i s t i n g u i s h e d  a s  "new" and "o ld"  f o l i a g c .  A s  s t a t e d  above,  
one f o l i a g e  u n i t  i s  e q u i v a l e n t  t o  t h e  amount o f  new f o l i a g e  
on t e n  s q u a r e  f e e t  o f  unmolested f i r  b r anch .  Under t h e s e  
c o n d i t i o n s  new f o l i a g e  ave rages  25% o f  t h e  t o t a l ;  t h u s  t o t a l  
f o l i a g e  e q u a l s  4 f .u .  New f o l i a g e  j o i n s  t h e  o l d  f o l i a g e  a t  
t h e  end of  each  season .  And at  e q u i l i b r i u m  t h e  o l d  f o l i a g e  
l o o s e s  1 f . u .  e a c h  y e a r .  When a l l  new f o l i a g e  i s  removed t h e  
t r e e  r e sponds  by l o s i n g  l e s s  t h a n  one f o l i a g e  u n i t .  Let  F1 
and F2 b e  t h e  q u a n t i t y  of new and o l d  f o l i a g e  r e s p e c t i v e l y ,  
on each  1 0  s q u a r e  f e e t .  Then t h e  
Old f o l i a g e  l o s t  = I ( 1  + 2*F1) . 3 -  
The r a t i o n a l e  f o r  t h i s  r e l a t i o n s h i p  i s  t h a t  n i n e  y e a r s  o f  
t o t a l  new f o l i a g e  removal a r e  . r e q u i r e d  t o  e l i m i n a t e  a l l  o l d  
f o l i a g e .  
A d d i t i o n a l l y  t h e  amount o f  new f o l i a g e  produced each  
s p r i n g  depends upon t h e  e x t e n t  o f  p a s t  d e f o l i a t i o n .  The new 
f o l i a g e  i n p u t  f u n c t i o n ,  Fo, i s  a f u n c t i o n  o f  t o t a l  f o l i a g e ,  
F  + F2 and i s  shown i n  F i g u r e  3. T h i s  f u n c t i o n  i m p l i e s  a  1 
25% compensatory r e sponse  t o  one u n i t  o f  d e f o l i a t i o n  
(F1 + F2 = 3 ) .  A f t e r  f o u r  y e a r s  o f  comple te  removal o f  new 
f o l i a g e  F2 i s  reduced  t o  5 / 3 ;  no new s h o o t s  a r e  produced and 
t h e  t r e e  p u t s  a l l  of  i t s  e f f o r t s  i n t o  main tenance .  
F o l i a g e  i s  r e p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g u r e  4 .  The 
s t a n d i n g  s t o c k s  a r e  F1 and F2. Large l a r v a e  d e f o l i a t i o n  i s  
removed from t h e s e  s t o c k s  as DEFl and DEF2. The new f o l i a g e  
t h a t  remains ( F i  = F1 - DEF ) j o i n s  t h e  o l d  and a q u a n t i t y  1 
o f  o l d  f o l i a g e ,  e q u a t i o n  ( 5 ) ,  i s  l o s t .  The n e t  amount o f  o l d  
f o l i a g e  remain ing  i s  
T o t a l  d e f o l i a t i o n  (DEF) depends on l a r g e  l a r v a l  d e n s i t y  
and t h e  t o t a l  f o l i a g e  a v a i l a b l e .  T h i s  f u n c t i o n  i s  d e s c r i b e d  
below when we d i s c u s s  l a r g e  l a r v a l  s u r v i v a l .  S i n c e  t h e  bud- 
worm p r e f e r s  new f o l i a g e  we a p p o r t i o n  i t  a s  f o l l o w s :  
DEF1 = DEF 
i f  DEF 5 F1 s 
DEF2 = 0 
DEF1 = F1 
i f  DEF > F1 
DEF2 = DEF - F1 
If we remove a l l  t h e  new f o l i a g e  b u t  none of  t h e  o l d  F2 
w i l l  have  t h e  f o l l o w i n g  sequence : 
Year:  1 2  3 4 5 6 7 8 9  
T h i s  s u g g e s t s  an  accumulated d e f o l i a t i o n  index  d e f i n e d  a s  
I n  t h e  above s c e n a r i o  I D  would t a k e  t h e  sequence  (1, 2 ,  3 , .  . . . 9 ) .  
A f t e r  a n  ex t ended  p e r i o d  o f  s e v e r e  d e f o l i a t i o n  t h e  o l d e r ,  more 
s u s c e p t i b l e  t r e e s  beg in  t o  e x p e r i e n c e  i n c r e a s e d  m o r t a l i t y .  
The d e f o l i a t i o n  m o r t a l i t y  i s  t a k e n  from M i l l e r  [2] and i s  
shown i n  F i g u r e  5. 
Th i s  conc ludes  t h e  major  r e s t r u c t u r i n g  of  t h e  f o l i a g e  
r e s p o n s e  model. P o i n t s  no t  covered  h e r e  remain a s  t hey  were 
d e s c r i b e d  i n  S t a n d e r  [4]. 
Budworm Model 
A m u l t i t u d e  o f  f a c t o r s  a f f e c t  t h e  s u r v i v a l  o f  t h e  budworm. 
I f  we a r e  t o  m a i n t a i n  a  manageable l e v e l  o f  complex i ty ,  we 
must r e s t r i c t  o u r s e l v e s  t o  t h o s e  f a c t o r s  t h a t  i l l u m i n a t e  p a r t i -  
c u l a r  q u e s t i o n s .  To h i g h l i g h t  t h e  dynamic i n t e r a c t i o n s  between 
t h e  budworm and i t s  h o s t ,  ba lsam f i r ,  p r o c e s s e s  t h a t  d i r e c t l y  
l i n k  t h e s e  two s t a t e  v a r i a b l e s  have been emphasized a s  e x p l i c i t l y  
a s  p o s s i b l e .  Suppor t i ng  f i e l d  d a t a  a r e  n o t  always a v a i l a b l e ,  
l e a v i n g  t h e  weak c r i t e r i a  of  no c o n t r a d i c t i o n s  w i t h  e s t a b l i s h e d  
r e l a t i o n s h i p s .  I n  some c a s e s  t h e  f u n c t i o n a l  form of a  
p r o c e s s  i s  w e l l  e s t a b l i s h e d  by independent  e c o l o g i c a l  e x p e r i -  
ence  and only  t h e  pa rame te r s  need b e  e s t i m a t e d ;  i n  o t h e r  c a s e s  
we can  only  h y p o t h e s i z e  t h e  g e n e r a l  form o f  t h e  r e l a t i o n s h i p .  
Weather,  a s  i t  a f f e c t s  l a r g e  l a r v a l  s u r v i v a l ,  i s  t h e  on ly  
e x t e r n a l  f a c t o r  t h a t  i s  e x p l i c i t l y  i n c l u d e d  i n  t h e  budworm 
s u r v i v a l  f u n c t i o n s .  A l l  o t h e r  f u n c t i o n s  ( e  .g .  p a r a s i t i s m  
and p r e d a t i o n )  a r e  on ly  i m p l i c i t l y  i n c l u d e d .  
I n  o r d e r  t o  model t h e  g e n e r a t i o n  s u r v i v a l  o f  t h e  budworm, 
i t  i s  most convenient  t o  examine each  l i f e  s t a g e  s e p a r a t e l y .  
We can  l a t e r  a g g r e g a t e  some o f  t h e s e  s t a g e s  f o r  compu ta t iona l  
convenience .  By examining t h e  s t a g e s  i n d i v i d u a l l y  we can  
compare o u r  r e s u l t s  w i t h  f i e l d  d a t a  and we can  more a c c u r a t e l y  
i d e n t i f y  t h e  assumpt ions  t h a t  we must make. 
I n  many r e s p e c t s  t h e  n a t u r a l  p o i n t  t o  beg in  a  budworm 
g e n e r a t i o n  i s  wi th  t h e  t h i r d  i n s t a r  l a r v a e .  The emergence o f  
t h i s  s t a g e  c l o s e l y  c o i n c i d e s  w i t h  t h e  emergence of  new f o l i a g e .  
Timing makes t h i s  a  l o g i c a l  p o i n t  w i th  which t o  b e g i n  a  model 
i t e r a t i o n .  However, much o f  t h e  f i e l d  work h a s  been o r i e n t e d  
toward t h e  egg  s t a g e  a s  t h e  i n i t i a l  r e f e r e n c e  o f  each genera-  
t i o n .  We w i l l  c o n t i n u e  w i t h  t h a t  l e a d  and d e s c r i b e  t h e  bud- 
worm p r o c e s s e s  b e g i n n i n g  w i t h  t h e  eggs .  
Egg t o  Small  Larvae 
The egg  s t a g e  b e g i n s  a f t e r  t h e  eggs have been  d e p o s i t e d .  
Any f a c t o r  a f f e c t i n g  egg  d i s p o s i t i o n  i s  a t t r i b u t e d  t o  t h e  
p r e v i o u s  g e n e r a t i o n .  Eggs a r e  l a i d  i n  l a t e  J u l y  o r  e a r l y  
August and t h e  f i r s t  i n s t a r  l a r v a e  emerge 8 t o  12 days  l a t e r .  
A t  t h i s  t i m e  d e f o l i a t i o n  by t h e  p r e v i o u s  g e n e r a t i o n  h a s  occu red  
b u t  no new f o l i a g e  h a s  been g e n e r a t e d .  
Although t r e e  q u a l i t y ,  e .  g. a g e ,  a s p e c t ,  d e f o l i a t i o n  
h i s t o r y ,  e t c . ,  cou ld  a f f e c t  egg  s u c c e s s ,  t h e r e  i s  n o t  s u f f i -  
c i e n t  e v i d e n c e  t o  s u g g e s t  what form t h i s  would t a k e .  Likewise ,  
egg  s u r v i v a l  very  l i k e l y  depends on egg d e n s i t y  t h rough  such  
p r o c e s s e s  a s  p r e d a t i o n ,  p a r a s i t i s m ,  and d i s e a s e .  Here a g a i n  
t h e r e  i s  n o t  s u f f i c i e n t  ev idence  t o  sugges t  t h e  form o f  t h i s  
d e n s i t y  r e l a t i o n .  Its e f f e c t  would be most pronounced a t  low 
egg  d e n s i t y  where d a t a  a r e  most l a c k i n g .  
The egg  s u r v i v a l ,  SE, used i n  t h i s  model i s  t a k e n  a s  a 
c o n s t a n t  f r a c t i o n  independent  o f  f o r e s t  c o n d i t i o n  and egg  
d e n s i t y .  The ave rage  s u r v i v a l  i n  unsprayed s t u d y  p l o t s ,  was 
(MG,  S e c t i o n  8 ) .  We s h a l l  adopt  t h i s  v a l u e .  
Smal l  Larvae  t o  Large Larvae 
T h i s  p e r i o d  i s  from emergence a s  f i r s t  i n s t a r s  i n  mid- 
August th rough t h e  moult t o  t h i r d  i n s t a r s  t h e  f o l l o w i n g  May. 
Sampling d i f f i c u l t i e s  p reven t  p r e c i s e  d i f f e r e n t i a t i o n  o f  t h e  
f i r s t  two i n s t a r  s t a g e s .  
Dominant e v e n t s  f o r  small l a r v a e  a r e  t h e  autumn and s p r i n g  
d i s p e r s a l s .  These d i s p e r s a l s  though p a s s i v e ,  o c c u r  o v e r  l a r g e  
d i s t a n c e s  ( M G ,  pg. 1 8 7 )  and a r e  a f f e c t e d  by f o r e s t  c o n d i t i o n s  
t h roughou t  a  s i t e .  During each  d i s p e r s a l  l a r v a l  s u r v i v a l  de- 
pends upon t h e  p r o b a b i l i t y  o f  s u c c e s s f u l  d i s p e r s a l  t o  a  sus -  
c e p t i b l e  h o s t - - i . e .  f i r  o l d e r  t han  n i n e  y e a r s .  The f r a c t i o n  
of  a  s i t e  c o n t a i n i n g  s ~ s c e p t i b l e  h o s t s  i s  
SUSCEP = PFIR * ( 1  - T ( 1 )  - T ( 2 )  - T ( 3 ) )  , ( 9 )  
where PFIR i s  t h e  p r o p o r t i o n  o f  f i r  and T ( i )  i s  t h e  f r a c t i o n  
o f  f i r  i n  age group i. 
A c r i t i c a l ,  b u t  unknown, f a c t o r  i s  t h e  f r a c t i o n  o f  l a r v a e  
a c t u a l l y  d i s p e r s e d  from t h e i r  n a t i v e  t r e e .  It i s  known t h a t  
w e a t h e r  a f f e c t s  t h e  p r o b a b i l i t y  of  d i s p e r s a l  and it  i s  l i k e l y  
t h a t  l a r v a l  d e n s i t y  does a l s o .  Lacking  a  b e t t e r  e s t i m a t e  we 
s h a l l  assume t h a t  50% o f  t h e  s m a l l  l a r v a e  a r e  s u b j e c t  t o  
d i s p e r s a l .  That  i s ,  s u r v i v a l  o f  f i r s t  i n s t a r s  i s  p r o p o r t i o n a l  
t o  
S1 
~ 0 . 5  + 0 . 5  SUSCEP = 0 . 5 * ( 1  + SUSCEP) . 
I f  t h e  same assumpt ions  app ly  t o  t h e  second i n s t a r  t h e n  
S2 = 0 . 5  S1 + 0 . 5  S1 SUSCEP 
2  
= 0.5  S1*( l  + SUSCEP) = 0 . 2 5 = ( 1  + SUSCEP) . 
The second i n s t a r  l a r v a e  mine t h e  one- and two-year-old 
n e e d l e s ,  and t h e i r  s u r v i v a l  depends on t h e i r  s u c c e s s  i n  l o c a t -  
i n g  t h e s e  n e e d l e s .  The h o s t  t r e e s  a t  t h i s  t ime a r e  i n  t h e  
d e f o l i a t i o n  c o n d i t i o n  l e f t  by t h e  p r e v i o u s  g e n e r a t i o n  o f  l a r g e  
l a r v a e ,  t h e r e f o r e  s u r v i v a l  shou ld  d e c r e a s e  a s  F2 d e c r e a s e s .  
The s m a l l  l a r v a l  s e a r c h  s u c c e s s  (SLSS) ( F i g u r e  6 )  a t t e m p t s  t o  
p o r t r a y  t h i s  f a c t o r .  
When t h e r e  i s  a  f u l l  complement o f  o l d  f o l i a g e ,  F2 = 3 ,  
SLSS = 1. Even when h a l f  o f  t h e  o l d  f o l i a g e  i s  removed t h e  
l a r v a e  can  s e a r c h  o v e r  t h e  s h o r t  d i s t a n c e s  neces sa ry  t o  f i n d  
n e e d l e s .  However, when d e f o l i a t i o n  goes  beyond t h i s  p o i n t  
SLSS d rops  o f f .  It does not  r e a c h  z e r o  because  of  a l t e r n a t e  
mining s i t e s  ( e . g .  b l ack - sp ruce  n e e d l e s  o r  balsam s t a m i n a t e  
f l o w e r s  ). 
The SLSS f u n c t i o n  b e a r s  q u a l i t a t i v e  agreement  w i th  f i e l d  
e x p e r i e n c e  (MG, S e c t i o n s  9  and 2 1 ) .  P r e c i s e  comparison i s  
not  p o s s i b l e  w i thou t  e s t a b l i s h i n g  t h e  v a l u e  o f  SUSCEP f o r  t h e  
t e s t  p l o t s .  
Thus f a r  we have only  c o n s i d e r e d  s m a l l  l a r v a l  l o s s e s  
due t o  d i s p e r s a l .  Escape from o t h e r  s o u r c e s  o f  m o r t a l i t y  
must b e  c o n s i d e r e d .  The unsprayed check p l o t s  (MG, S e c t i o n  
21 )  i n d i c a t e  t h a t  t h e  maximum s u r v i v a l  expe r i enced  was about  
0.75.  I n  t h e  unsprayed  a r e a  t h e  maximum observed  s u r v i v a l  was 
abou t  0.67 (MG, F igu re  9 .4  ).  The only a v a i l a b l e  ev idence  f o r  
d e n s i t y  dependence i s  d i s p l a y e d  i n  F i g u r e  9.2 o f  t h e  monograph. 
The cu rve  f i t t e d  t o  t h e s e  p o i n t s  i s  j u s t i f i e d  by c e r t a i n  
assumpt ions  about  d i s p e r s a l ,  b u t  s i n c e  we have a l r e a d y  e x t r a c t -  
ed  t h e  d i s p e r s a l  p r o c e s s  we would be amiss t o  use t h i s  func- 
t i o n  f o r  o u r  p r e s e n t  r equ i r emen t s .  A very  rough e y e b a l l  pro-  
j e c t i o n  would p l a c e  Ss = 0 .2  when Ns i s  about  1000. The 
a p p r o p r i a t e n e s s  o f  t h i s  can be checked w i t h  o t h e r  d a t a  and i t s  
s e n s i t i v i t y  i n  t h e  model. 
Shor t  o f  more complete  knowledge we t a k e  t h e  non-d isper -  
s a l  l o s s e s  t o  be 
F i n a l l y ,  s m a l l  l a r v a l  s u r v i v a l  i s  
Large Larvae  t o  Pupae 
Large l a r v a e  i n c l u d e  t h e  t h i r d  t h rough  t h e  s i x t h  i n s t a r  
s t a g e s .  The normal p e r i o d  i s  from e a r l y  June  t o  e a r l y  J u l y .  
Large l a r v a l  s u r v i v a l  i s  t h e  most impor t an t  i n  e x p l a i n i n g  
v a r i a t i o n s  i n  o v e r a l l  g e n e r a t i o n a l  s u r v i v a l .  It i s  a l s o  
d u r i n g  t h i s  s t a g e  t h a t  wea the r  h a s  i t s  most pronounced e f f e c t - -  
warm dry  wea the r  promoting s u r v i v a l  and c o o l  wet wea the r  r e -  
duc ing  i t .  
Weather e f f e c t s  a r e  impor t an t  t o  a l l  t h e  l a r g e  i n s t a r s  
s t a g e s .  The primary f e e d i n g  o c c u r s ,  however, on ly  i n  t h e  
f i f t h  and mainly t h e  s i x t h  s t a g e s .  S ince  i t  i s  ve ry  d i f f i c u l t  
t o  s e p a r a t e  t h e  e f f e c t s  o f  each  s t a g e ,  l a r g e  l a r v a e  a r e  t r e a t -  
e d  a s  one  group and  f a c t o r s  a f f e c t i n g  s u r v i v a l  a r e  assumed t o  
a c t  c o n c u r r e n t l y .  
A model f o r  n e t  l a r g e  l a r v a l  s u r v i v a l  i s  shown i n  F i g u r e  
7 ( M i l l e r ,  P e r s o n a l  Communication). The wea the r  c l a s s e s  
co r r e spond  t o  t h e  number o f  warm-dry days  d u r i n g  t h i s  phase  
o f  budworm development .  The p r e c i s e  c r i t e r i o n  f o r  t h i s  i n d e x  
i s  d e s c r i b e d  e l s e w h e r e .  
The common wisdom b e h i n d  t h e  s h a p e  of  t h e s e  c u r v e s  i s  as 
f o l l o w s .  A t  low d e n s i t i e s  t h e  s u r v i v a l  i s  c o n t r o l l e d  by t h e  
a c t i o n  o f  p r e d a t o r s ,  p a r a s i t e s ,  e t c .  A t  v e r y  low d e n s i t i e s  
(be low a b o u t  0 . 0 5  l a r v a e  p e r  1 0  s q .  f t .  o f  f o l i a g e - - t o o  low 
t o  be  s e e n  on t h e  above  g r a p h )  t h e  l a r v a e  e s c a p e  
e f f i c i e n t  p r e d a t i o n  and t h e  p o p u l a t i o n  a v o i d s  e x t i n c t i o n .  
A s  t h e  p o p u l a t i o n  i n c r e a s e s  above  0 . 0 5 / t s f  s u r v i v a l  i s  a g a i n  
e n h a n c e d  b e c a u s e  o f  t h e  l i m i t e d  r e s p o n s e  o f  t h e  p r e d a t o r s .  
The e x p l a n a t i o n  f o r  t h e  d r o p  i n  s u r v i v a l  a t  h i g h  d e n s i t i e s  i s  
s t a r v a t i o n  due  t o  l i m i t e d  f o l i a g e .  The f i n a l  l e v e l i n g  o f  t h e  
s u r v i v a l  c u r v e s  r e p r e s e n t s  t h e  e f f e c t  o f  a l t e r n a t e  f o o d  s o u r c e s  
The e f f e c t  o f  a v a i l a b l e  f o l i a g e  on s t a r v a t i o n  and s u r v i -  
v a l  i s  o n l y  i m p l i c i t l y  i n c l u d e d  i n  F i g u r e  7 .  I n  o r d e r  t o  make 
t h i s  e x p l i c i t  w e  must know how much f o l i a g e  t h e  l a r v a e  con- 
sume a n d  how t h i s  consumpt ion  a f f e c t s  l a r v a e  s u r v i v a l .  
The amount o f  f o l i a g e  consumed as a f u n c t i o n  l a r v a l  
d e n s i t y  we c a l l  a  f e e d i n g  c u r v e .  A d i r e c t  e v a l u a t i o n  o f  t h i s  
c u r v e  h a s  n o t  b e e n  found  s o  we must r e l y  o n  i n d i r e c t  e v a l u a -  
t i o n s .  R e c e n t  s u r v e y  d a t a  f rom a wide  r a n g e  o f  l o c a t i o n s  were  
c o n v e r t e d  and  p l o t t e d  i n  F i g u r e  8.  Here D i s  t h e  t o t a l  de -  
f o l i a t i o n  ( c a l l e d  DEF i n  t h e  p r e v i o u s  s e c t i o n )  e x p r e s s e d  as a 
p e r  c e n t  o f  c u r r e n t  f o l i a g e - - 1 0 0 %  c o r r e s p o n d e s  t o  r e m o v a l  o f  
one  f o l i a g e  u n i t .  These  p o i n t s  are s o  s c a t t e r e d  t h a t  t h e  o n l y  
s a f e  c o n c l u s i o n  w e  c a n  draw i s  t h a t  t o t a l  d e f o l i a t i o n  i n c r e a s e s  
w i t h  l a r v a l  numbers.  The c o r r e s p o n d i n g  f o l i a g e  consumed p e r  
l a r v a e  ( d  = D / N  ) i s  p l o t t e d  i n  F i g u r e  9 .  D e s p i t e  t h e  s c a t t e r  L 
o f  t h e s e  p o i n t s  t h e r e  i s  a  downward t r e n d .  Although t h e s e  
p l o t s  do no t  p rov ide  much guidance  t h e y  do no t  p r e c l u d e  t h e  
a d o p t i o n  o f  a  s t a n d a r d  f e e d i n g  r e l a t i o n s h i p .  We t h e r e f o r e  
assume t h a t  t h e  l a r g e  l a r v a l  d e f o l i a t i o n  f o l l o w s  a  Michae l i s -  
Menten r e l a t i o n  o f  t h e  form 
where V and K a r e  parameters  t o  be de termined .  M i l l e r  [2] 
g i v e s  t h e  f o l l o w i n g  v a l u e s  a s  t y p i c a l .  
Budworms p e r  t r e e  D e f o l i a t i o n  o f  
Cur ren t  Shoots  ( % )  
1,400 2 0 
5,600 6  5  
16 ,800  100 + o l d  f o l i a g e  
The f i r s t  two p o p u l a t i o n  l e v e l s  t o g e t h e r  w i t h  t h e  c o n d i t i o n  
t h a t  t h e  cu rve  f o r  d  p a s s e s  through t h e  c e n t r o i d  o f  t h e  p o i n t s  
i n  F i g u r e  9 g i v e s  
These pa rame te r  v a l u e s  imply t h a t  l a r v a e  respond t o  t h e  
f o l i a g e  as i f  t h e r e  were o n l y  2.6 f . u .  p r e s e n t  r a t h e r  t h a n  
t h e  4.0 f . u .  o f  u n s t r e s s e d  t r e e s .  I f  t h i s  i s  caused  by a  
lower  p r o p e n s i t y  t o  consume o l d  f o l i a g e  we can e x p r e s s  V a s  
where a i s  a  w e i g h t i n g  f a c t o r  f o r  o l d  f o l i a g e .  
U n s t r e s s e d  c o n d i t i o n s  g ive  
When V changes due t o  changes i n  F1 and F2 t h e n  we must 
change K t o  p r e s e r v e  do = d(NL = 0) , a  p h y s i o l o g i c a l  " c o n s t a n t  ." 
Thus 
The e q u a t i o n s  we use a r e  
D and d  a r e  p l o t t e d  a s  dashed  l i n e s  t h rough  t h e  e m p i r i c a l  
p o i n t s  o f  F i g u r e s  8 and 9 ,  w i t h  F1 = 1 and F2 = 3 .  
Now t h a t  a  d e f o l i a t i o n  r e l a t i o n  has  been e s t a b l i s h e d  we 
r e t u r n  t o  c o n s i d e r a t i o n  o f  t h e  s u r v i v a l  o f  l a r g e  l a r v a e .  For  
each  wea the r  s i t u a t i o n  l e t  
The second f u n c t i o n ,  g ( d ) ,  accoun t s  f o r  s t a r v a t i o n .  I n  r e a l -  
i t y  t h e r e  would be a  d i s t r i b u t i o n  o f  f o l i a g e  consumption--some 
l a r v a e  would g e t  a  l a r g e r  amount t h a n  o t h e r s  and t h e s e  would 
have  a  h i g h e r  s u r v i v a l  p o t e n t i a l .  I n  p r a c t i c e ,  however, we 
s h a l l  assume t h a t  t h e  average  consumption, d ,  de t e rmines  t h e  
ave rage  s u r v i v a l .  
There i s  some l e v e l  o f  f e e d i n g ,  dmin, t h a t  would cause  
complete s t a r v a t i o n .  F u r t h e r ,  we normal ize  g i d o )  = 1. That  
i s ,  g ( d )  measures t h e  r e d u c t i o n  i n  s u r v i v a l  as NL i n c r e a s e s .  
There  i s  no compel l ing  r eason  t o  use  a n y t h i n g  o t h e r  t h a n  a 
l i n e a r  r e l a t i o n s h i p ,  i . e .  
If t h e  descend ing  branch o f  F igu re  7 (wl  c a s e )  i s  extended it 
c r o s s e s  SL = 0  a t  NL = 400. Thus we d e f i n e  
The i n c r e a s i n g  f u n c t i o n ,  f  ( N L ) ,  i s  a l s o  assumed l i n e a r :  
The pa rame te r s  a  and b  ( t h e r e  a r e  3  s e t s  f o r  t h e  t h r e e  
wea the r  c l a s s e s )  a r e  s e l e c t e d  s o  t h a t  SL p a s s e s  t h rough  t h e  
i n f l e c t i o n  p o i n t s  o f  F i g u r e  7 ( i . e .  where N L = 0 ,  150 and 
300) .  A p l o t  of  f (NL)  i s  a t  F i g u r e  10a.  Note t h a t  a l l  
weather  v a r i a t i o n  occu r s  i n  t h i s  f u n c t i o n  and does  n o t  i n t e r -  
a c t  w i t h  t h e  f e e d i n g  l e v e l  d .  A p l o t  o f  SL = f ( N )  g ( d ) ,  when 
V = 260, i s  shown i n  F i g u r e  l ob ;  i t  should  be compared w i t h  
F i g u r e  7.  
Pupae t o  Adul t s  
The e x t e n s i v e  s tudy  o f  unsprayed p l o t s  r e v e a l e d  an  aver -  
age s u r v i v a l  o f  pupae o f  
T h i s  s u r v i v a l  was no t  found t o  be s t r o n g l y  a f f e c t e d  by e i t h e r  
pupal  d e n s i t y  o r  f o r e s t  c o n d i t i o n  (MG, s e c t i o n  1 1 ) .  There 
was an e f f e c t  due t o  weather  ( exp re s sed  a s  mean t e m p e r a t u r e )  
b u t  t h i s  i s  n o t  i n c l u d e d  i n  t h e  p r e s e n t  model. 
Unsprayed check p l o t s  i n  Area 2 (MG, s e c t i o n  23)  showed 
a  s t r o n g  dependence on l a r v a l  s u r v i v a l  ( S  = 0.3495 + 0 . 8 2 8 1 ~ s ~ ) .  P  
However no mechanism f o r  t h i s  connec t ion  was sugges t ed .  We 
s h a l l  use  S  = 0.66 i n  t h i s  model w i t h  t h e  u n d e r s t a n d i n g  t h a t  
P  
we s h o u l d  t e s t  o u r  r e s u l t s  f o r  s e n s i t i v i t y  t o  a  dependence on 
S ~ '  
Fecund i ty  
Fecundi ty  i s  s t r o n g l y  de termined  by t h e  p h y s i o l o g i c a l  
s t a t e  o f  t h e  a d u l t  female .  The c h i e f  f a c t o r  a f f e c t i n g  t h i s  
w i t h i n  o u r  model i s  t h e  amount o f  food consumed d u r i n g  t h e  
l a r v a l  s t a g e s .  Turnbu l l  found t h a t  f ecund i ty  i s  a  l i n e a r  
f u n c t i o n  o f  food consumption f o r  s p i d e r s .  The e q u i v a l e n t  
measurements f o r  t h e  budworm were not  made b u t  i t  h a s  been 
shown ( M i l l e r  [I.]) t h a t  f e c u n d i t y  v a r i e s  l i n e a r l y  w i t h  
pupa l  s i z e .  The r e l a t i o n s h i p  f o r  normal p o p u l a t i o n s  is (MG, 
Eq 13 .4 )  
where x  i s  pupa l  l e n g t h  (mm.). The ave rage  maximum f e c u n d i t y  
under f i e l d  c o n d i t i o n s  i s  200 eggs p e r  female.  According t o  
t h e  above e q u a t i o n  t h i s  co r r e sponds  t o  xo = 3.2mm. 
The m i s s i n g  i n g r e d i e n t  i s  t h e  r e l a t i o n s h i p  between food 
consumption,  d ,  and pupa l  s i z e ,  x .  We assume t h a t  mass 
3  ( a s  x  ) and d  a r e  r e l a t e d  a s  
If x  = xo when d  = do,  r = d /do  and x = 0 when r = rl, t h e n  
To e s t a b l i s h  t h e  e x t r a p o l a t e d  p o i n t  where x  = 0 we s o l v e  
t h e  NL v s .  x e q u a t i o n  (MG,  eq 1 3 . 5 )  f o r  ze ro  s i z e .  T h i s  
e q u a t i o n  i s  
o r  NL = 1706, which i s  e q u i v a l e n t  t o  d  = dl = 0.131 and 
rl = 0.139.  
Note t h a t  we can w r i t e  e q u a t i o n  ( 2 9 )  i n  te rms  o f  d  
r a t h e r  t h a n  N L  as 
T h i s  e q u a t i o n  and e q u a t i o n  28 a r e  p l o t t e d  i n  F i g u r e  11. The 
c l o s e  agreement  s u p p o r t s  t h e  use  of  e q u a t i o n  28. 
The r e l a t i o n s h i p  we use  i n  t h i s  model f o r  f e c u n d i t y  i s  
When 
We have d i v i d e d  by 2  s o  t h a t  f e c u n d i t y  becomes eggs  a s  p e r  
a d u l t  . 
The f i e l d  s u r v e y s  i n  h e a v i l y  d e f o l i a t e d  a r e a s  showed 
d e c r e a s e d  pupa l  s i z e  and f e c u n d i t y  w i th  e x t e n t  o f  d e f o l i a t i o n .  
T h i s  a s p e c t  shou ld  man i f e s t  i t s e l f  th rough t h e  f o l i a g e  r e sponse  
and reduced  food consumption. 
Egg Laying  and D i s p e r s a l  
The e v a l u a t i o n  o f  i n t e r a c t i o n s  between egg  l a y i n g  and 
d i s p e r s a l  a r e  e l u s i v e  i n  f i e l d  p o p u l a t i o n s .  A f e m a l e ' s  phys i -  
o l o g i c a l  s t a t e  and p r e v a i l i n g  w e a t h e r  a f f e c t  h e r  m o b i l i t y  and 
t h u s  h e r  p r o p e n s i t y  f o r  b e i n g  d i s p e r s e d .  These same f a c t o r s  
a l s o  a f f e c t  male m o b i l i t y  and consequent ly  mat ing  s u c c e s s .  
F u r t h e r ,  a  f e m a l e ' s  m o b i l i t y  i n c r e a s e s  a f t e r  s h e  beg ins  t o  
l a y  eggs .  She w i l l  u s u a l l y  no t  l e a v e  t h e  neighborhood o f  h e r  
n a t i v e  t r e e  u n t i l  she  h a s  d e p o s i t e d  a t  l e a s t  one egg mass o f  
15-20 eggs .  Females caught  i n  t r a p s ,  and t h e r e f o r e  mobi le ,  
had a l r e a d y  l a i d  a n  average  of  25% ( o r  about  5 0 )  o f  t h e i r  
eggs  
F i e l d  s t u d i e s  found t h e  n e t  e f f e c t i v e  s u r v i v a l  o f  a d u l t s  
t o  be 51% d u r i n g  t h e  i n i t i a l  s t a g e s  of  an  ou tb reak .  It was 
n o t  p o s s i b l e  t o  s e p a r a t e  d i s p e r s a l  l o s s e s  ( f a i l u r e  t o  l o c a t e  
o v i p o s i t i o n  s i t e s ,  e t c . )  from o t h e r  l o s s e s  ( p r e d a t i o n ,  wea the r  
r e l a t e d  m o r t a l i t y ,  e t c .  ) .  However, t o  model t h i s  sys tem,  we 
must a t t empt  t h i s  . > e p a r a t i o n .  F i r s t ,  we would l i k e  t o  know 
t h e  s u r v i v a l  r a t e  f o r  a d u l t s  from t h e  t ime of pupal  emergence 
t o  comple t ion  o f  egg  l a y i n g .  Second, we would l i k e  t o  know 
how s t a n d  c o n d i t i o n  o v e r  space  a f f e c t s  egg  l a y i n g  s u c c e s s .  We 
l a c k  t h i s  i n fo rma t ion  and t h e r e f o r e  must r e s o r t  t o  some reason-  
a b l e  hypo theses .  
We s h a l l  assume d i s p e r s a l  occu r s  on t h r e e  s p a t i a l  s c a l e s .  
The r e a d e r  shou ld  r e f e r  t o  t h e  d iagram i n  F i g u r e  1 4  whi le  
working th rough  t h e  f o l l o w i n g  s e c t i o n s  on d i s p e r s a l .  F i r s t ,  
we assume t h e  f i r s t  eggs  l a i d  a r e  on o r  n e a r  t h e  t r e e  from 
which t h e  female  emerged. The consequence o f  t h i s  assump- 
t i o n  i s  t h a t  t h e  female has  a  very  h igh  p r o b a b i l i t y  o f  
l o c a t i n g  a s u s c e p t i b l e  h o s t .  However, heavy d e f o l i a t i o n  r e -  
d u c e s  h e r  chances  of l o c a t i n g  an  o v i p o s i t i o n  s i t e .  We p o r t r a y  
t h i s  by a n  o v i p o s i t i o n  s e a r c h  s u c c e s s  (OSS) f u n c t i o n  ( F i g u r e  
1 2 ) .  We assume t h a t  2 0 %  o f  t h e  p o t e n t i a l  eggs on any s i t e  a r e  
i n  t h i s  i n i t i a l  c a t e g o r y .  Eggs from t h i s  i n i t i a l  g roup which 
a r e  n o t  l a i d  because  o f  heavy d e f o l i a t i o n  a r e  l o s t  r a t h e r  
t h a n  d i s p e r s e d  f u r t h e r .  The c o n t r i b u t i o n  t o  t h e  egg  s t o c k  
from s h o r t - r a n g e  d i s p e r s a l  i s  
0.2 * OSS . ( 3 3  
Fol lowing  t h e  d e p o s i t i o n  o f  t h e s e  f i r s t  e g g s ,  t h e  female  
i n c r e a s e s  h e r  a c t i v i t y .  The deg ree  o f  a c t i v i t y  i s  r e l a t e d  t o  
t h e  weight  o f  h e r  remain ing  eggs .  I f  she  was a  w e l l  f e d  l a r v a  
and h a s  many eggs s h e  w i l l  be  l e s s  prone  t o  f l y  u n t i l  she  h a s  
d e p o s i t e d  some o f  t h e  weight .  One e f f o r t  o f  t h i s  mechanism 
i s  t o  encourage  d i s p e r s a l  away from poor  f e e d i n g  a r e a s  and t o  
promote r e s i d e n c e  on good ones .  Eggs l a i d  t o  r educe  weight  
a r e  s u b j e c t  t o  mid-range d ispersa l - -away from t h e  n a t i v e  t r e e  
b u t  w i t h i n  t h e  n a t i v e  s i t e .  
Mid-range d i s p e r s a l  a p p l i e s  t o  t h e  eggs  f o l l o w i n g  t h e  
f i r s t  20%.  The f r a c t i o n  o f  eggs  d e s i r e d  (FED) t o  be  l a i d  by 
t h e  female  i s  a  f u n c t i o n  o f  t h e  l e v e l  o f  f e e d i n g  e x p e r i e n c e d  
by t h e  l a r g e  l a r v a .  The l i n e a r  r e l a t i o n  used  i s  shown i n  
F i g u r e  13.  A t  t h e  maximum f e e d i n g  r a t e  ( d  = d o ) ,  t h e  female 
w i l l  be  very  heavy and a t t e m p t  t o  l a y  a l l  o f  h e r  eggs  i n  t h e  
n a t i v e  s i t e .  A t  o r  below a l e v e l  o f  s t a r v a t i o n  which pro-  
duces  z e r o  f e c u n d i t y  FED = 0.  We de t e rmine  t h i s  p o i n t  from 
e q u a t i o n  ( 3 2 ) ;  r '  = ,344 and dl = .325. 
A p r o p o r t i o n  0 . 8  * FED o f  t h e  eggs a r e  s u b j e c t  t o  t h i s  
mid - sca l e ,  w i t h i n  s i t e  d i s p e r s a l .  The o v i p o s i t i o n  s u c c e s s  of  
t h i s  group i s  a d d i t i o n a l l y  p r o p o r t i o n a l  t o  t h e  amount o f  s u s -  
c e p t i b l e  f i r  (SUSCEP) and t h e  o v i p o s i t i o n  s e a r c h  s u c c e s s  (OSS). 
The t o t a l  p r o p o r t i o n  o f  a v a i l a b l e  eggs l a i d  on s i t e  is  
p . ~ .  = ( 0 . 2 )  OSS + ( 0 . 8 )  FED OSS SUSCEP . ( 3 4 )  
Eggs s u b j e c t  t o  mid-range d i s p e r s a l  which were no t  l a i d  
l o c a l l y  a r e  " c a s t  t o  t h e  winds" and c a r r i e d  t o  o t h e r  s i t e s .  
From a  p o t e n t i a l  f r a c t i o n  o f  0 .8 ,  FED OSS SUSCEP have 
been l a i d  i n  mid-range d i s p e r s a l .  The remainder ,  
( 0 . 8 )  (1.0-FED OSS SUSCEP) a r e  s u b j e c t  t o  long-range 
d i s p e r s a l  t o  o t h e r  s i t e s .  The e s s e n c e  o f  t h e  d i s p e r s a l  
a l g o r i t h m  f o r  a l l o c a t i n g  t h e s e  eggs t o  s p e c i f i c  ( s i n k )  s i t e s  
i s  a  m a t r i x  o f  t r a n s f e r  p r o b a b i l i t i e s  from any p a r t i c u l a r  
s o u r c e  s i t e  t o  a l l  p o s s i b l e  s i n k  s i t e s .  The f r a c t i o n  o f  eggs  
l a n d i n g  on a new s i t e  which a r e  s u c c e s s f u l l y  l a i d  i s  a g a i n  
p r o p o r t i o n a l  t o  
OSS . SUSCEP , (35  
where t h e s e  f a c t o r s  apply  t o  c o n d i t i o n s  on t h e  s i n k  s i t e s .  
We assume t h a t  a d u l t s  make only  one long-range  d i s p e r s a l  
and t h o s e  t h a t  a r e  u n s u c c e s s f u l  i n  f i n d i n g  s u i t a b l e  o v i p o s i -  
t i o n  s i t e s  a f t e r  t h i s  f l i g h t  a r e  l o s t .  It i s  p o s s i b l e  t h a t  
more t h a n  one f l i g h t  i s  made, b u t  s u p p o r t i n g  d a t a  do n o t  
w a r r a n t  mode l l i ng  t h i s  p o s s i b i l i t y .  
We n o t e  i n  p a s s i n g  t h a t  i f  a l l  t h e  s t a n d s  a r e  i n  t h e  
same f o l i a g e  c o n d i t i o n ,  t h e  p r o p o r t i o n  o f  eggs  l a i d  f o r  a l l  
s i t e s  would b e  
P.E. = ( 0 . 2 )  OSS + ( 0 . 8 )  OSS SUSCEP 
( 3 6 )  
* [ l . 0  +FED ( 1 . 0  - OSS SUSCEP)] . 
A s  a numer i ca l  example,  a  moderate  i n f e s t a t i o n  c o u l d  have 
OSS = 1, FED = 0 . 6 ,  SUSCEP = 0 . 5  and 
P.E. = 0.72 
T h i s  development  is meant t o  p o r t r a y  t h e  e f f e c t  o f  spa -  
t i a l  v a r i a t i o n  i n  f o r e s t  c o n d i t i o n  on d i s p e r s a l  and egg  l a y -  
i n g .  A s  ment ioned  above,  f i e l d  d a t a  do  n o t  a l l o w  s e p a r a t e  
e v a l u a t i o n  o f  n o n - d i s p e r s a l  r e l a t e d  l o s s e s .  We s h a l l  s e t  t h e  
a d u l t  s u r v i v a l  from a l l  o t h e r  f a c t o r s  e q u a l  t o  u n i t y  ( i . e .  
SA = 1 . 0 ) .  L a t e r ,  we may wish t o  a d j u s t  t h i s  v a l u e  by simu- 
l a t i n g  t h e  c o n d i t i o n s  o f  t h e  f i e l d  t e s t .  p l o t s  and  a d j u s t i n g  
SA SO t h a t  t h e  n e t  e f f e c t  o f  m o r t a l i t y  and d i s p e r s a l  p roduces  
a  s u r v i v a l  o f  0 .51 .  Tha t  i s  
S, ( P . E . )  = 0 . 5 1  . 
Conclus ion  
Any model i s  h y p o t h e s i s .  A t  t h i s  s t a g e  we have  a 
h y p o t h e s i s  f o r  a  model. We conc lude  now w i t h  some g e n e r a l  
comments c o n c e r n i n g  t h e  s t e p s  we s h o u l d  t a k e  t o  e s t a b l i s h  a  
l e v e l  o f  c o n f i d e n c e  f o r  what we have done.  T r a d i t i o n a l  p ro-  
c e d u r e s  a r e  a v a i l a b l e  t o  u s - - q u a l i t a t i v e  a s se s smen t  of  t h e  
mode l ' s  b e h a v i o r  and v a r i o u s  t e s t s  a g a i n s t  r e a l  wor ld  
h i s t o r i c a l  d a t a .  
' The i n i t i a l  s t a g e  o f  most e c o l o g i c a l  mode l l i ng  " v a l i d a t i o n "  
i s  u s u a l l y  an  a e s t h e t i c  a p p r a i s a l  o f  t h e  model i n  vacuo .  Do 
t h e  dynamics l ook  and f e e l  r i g h t ?  The s t a n d a r d  f o r  judgment i s  
u s u a l l y  a  ve ry  q u a l i t a t i v e  p i c t u r e  of t h e  r e a l  world.  A h a r d e r  
t e s t  i s  a  one-to-one comparison a g a i n s t  h i s t o r i c a l  r e c o r d s .  
Necessary  d a t a  e x i s t  from 1949 t o  1972--a Deriod c o v e r i n g  a n  
o u t b r e a k  and d e c l i n e .  It i s  an  open q u e s t i o n  a t  t h i s  p o i n t  what 
t e c h n i q u e s  and c r i t e r i a  we shou ld  u se  t o  e s t a b l i s h  goodness-of-  
- f i t .  
Q u a n t i t a t i v e  measures wtiich c a p t u r e  t h e  q u a l i t a t i v e  a s p e c t s  
o f  an  ou tb reak  may have t o  be i n v e n t e d .  We w i l l  want t o  i n -  
v e s t i g a t e  v a r i o u s  i n d i c e s  which p o r t r a y  t h e  e s s e n t i a l  development 
i n  s p a c e  and t ime of  a  budworm e p i s o d e - - t h r e s h o l d s ,  r a t e s  of  
growth,  s p r e a d  and d e c l i n e ,  e t c .  
Other  o p p o r t u n i t i e s  a r i s e  f o r  d i a g n o s i s  of  t h e  budworm model. 
None i s  d e f i n i t i v e  i n  i t s e l f  bu t  i n  t o t o  t h e y  can  be c o n s i d e r e d  
w i t h  a l l  o t h e r  ev idence .  F i r s t ,  we can  r e l a t e  t h e  components 
of  t h i s  v e r s i o n  t o  t h e  forms used  i n  t h e  o r i g i n a l  ( S t a n d e r  [Q] ) .  
The o r i g i n a l  was t h e  s y n t h e s i s  o f  c o n s i d e r a b l e  f i e l d  e x p e r i e n c e  
and i f  o u r  p r e s e n t  v e r s i o n  i s  n o t  congruen t  w i t h  i t ,  we must 
l o o k  f u r t h e r  t o  f i n d  t h e  r e a s o n s .  S p e c i f i c a l l y ,  we shou ld  I 
compare t h e  two v e r s i o n s  of  f o l i a g e  r e s p o n s e .  A d d i t i o n a l l y ,  t h e  
l i f e  s t a g e  s u r v i v a l s  can  be r e l a t e d  d i r e c t l y  t o  t h e i r  co r r e spond-  
i n g  d e n s i t i e s ,  and f e c u n d i t y  r e l a t e d  t o  a d u l t  d e n s i t y .  
~ 
The n e x t  s t e p  i s  t o  a g g r e g a t e  t h e  s u r v i v a l  and f e c u n d i t y  
I 
r e l a t i o n s  i n t o  a  g e n e r a t i o n a l  s u r v i v a l  and a  r e p r o d u c t i o n  c u r v e .  
These a g g r e g a t i o n s  must a t  l e a s t  appea r  r e a s o n a b l e .  Va r ious  
o t h e r  a n a l y t i c a l  p robes  o f  s e c t i o n s  of t h e  model can  be made 
t o  s e e  i f  t h e  impor t an t  c o n t r o l l i n g  f a c t o r s  a p p e a r  r e a s o n a b l e .  
F i n a l l y ,  t h e r e  i s  c o n s i d e r a b l e  f i e l d  e x p e r i e n c e  a v a i l a b l e  
f o r  comparison.  P a r t i c u l a r l y ,  t h e  s t u d i e s  o f  t h e  sprayed  p l o t s  
should  cor respond t o  t h e  e s s e n t i a l  f e a t u r e s  o f  o u r  model. 
There a r e  many o t h e r  r e l a t i o n s h i p s  i n  t h e  monograph and 
a s s o c i a t e d  l i t e r a t u r e  which should  be  brought  i n t o  t h e  
p i c t u r e .  With t h e  model a s  o u r  r e a l  wor ld ,  we can per form 
some o f  t h e  same "exper iments"  and d e r i v e  comparable 
s t a t i s t i c s .  
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